The recognition limit of luminance difference in the human visual system (HVS) has not been studied systematically. In this paper, surround adapted Weber-Fechner fraction is calculated based on the crispening effect. It is found that surround adapted fractions have reduced to 1/3 of the traditional Weber-Fechner fractions. As compared with Breitmeyer's experiments, the presented result is a reasonable one. It can be used as some guide to design the digital display system when a designer needs to decide bit count of digital signal in considering of the limit of brightness level, and as the inspection tool of display manufacturing of brightness smear, defect, and so on. key words: Weber-Fechner fraction, crispening effect, human visual system
Introduction
These days HDTV Broadcasting is on the air thoroughly and, liquid crystal display (LCD), plasma display panel (PDP), and digital light processing (DLP) projector using digital micro mirror device (DMD) are increasingly popular. Digital display has thrown into increasing bandwidth of signals for improvement of spatial resolution. To support spatial resolution on the display devices, resolution of luminance signal level must be sufficient. It is needed to understand the upper limit of resolution of luminance level that human eyes can sense for display devices, but it has not been studied systematically.
In display system, resolution of luminance levels is based on the general Weber-Fechner's limit of discrimination of luminance differences. Weber-Fechner fraction represents the limit of discrimination of luminance differences for various luminance levels at human eyes to dark background for a short time. But, if level of background differs or adaptation time extends then general Weber-Fechner fraction differs too. Kaneko [1] confirmed that luminance factor of background effects on relative lightness scale in researches about relative lightness for adaptive condition of characteristic of human eyesight and uniform scale. This is called crispening effect.
In this paper, we calculate background adjusted WeberFechner fraction that is based on crispening effect. Weber- 
Dark Surrounded Weber-Fechner Fraction
To get the limit value of recognizing differences of luminance for human eyes, we must understand Weber-Fechner fraction. Figure 1 illustrates representative experimental method for measurement of discrimination of luminance difference and the result is shown in Fig. 2 [3] . As you can see in Fig. 2 , the value of ∆Y/Y, so called Weber-Fechner fraction, decreases as Y value increases. However, when luminance is over 100 cd/m 2 , it nearly becomes saturation and maintains constant value until 600 cd/m 2 . In this range, the value of ∆Y/Y is about 1.35%.
Crispening Effect
Kaneko found that luminance factor of background has an important effect on the lightness scale [1] . He also found that the background effect was more pronounced for smaller samples. But of particular interest is that a gray background enhances the sensitivity of the observer to lightness differences between gray samples of about the same luminance factor as that of the background.
Takasaki [4] carried out the experiment that the luminance factor of background effects on lightness-scale value about three Munsell values (N1-N9), (N3-N7), and (N5-N7) on the background B1 and B2 as shown in Fig. 3 . Tagasaki's results, as illustrated in Fig. 4 , also show that the observer sees the lightness of sample S2 change rapidly with change in Y2 when Y2 is close to YB2 of the background B2. This phenomenon is called crispening effect.
Semmelroth [5] has provided a table which can be used to make adjustments to the Munsell value scale so as to make it apply more accurately to uniform lightness steps for backgrounds of different luminance factors. Semmelroth's lightness index S is given as
where L and L B are the luminances of the sample and background, respectively, and k, m, and n are constants. Semmelroth showed that Eq. 
Background-Adjusted Weber-Fechner Fraction
To calculate a new background-adjusted Weber-Fechner Fraction considering crispening effect, we studied the relation between background-adjusted Munsell value V a and nominal Munsell value V s . Let ∆V th is threshold value perceiving difference of luminance at Munsell value V a and ∆V s is threshold value at V s corresponds to ∆V th in backgroundnot-adjusted state. Let ∆V s is threshold value at V s corresponds to ∆V th in background-adjusted state. Then, we have graphically following relation from Fig. 6 .
Luminance factor Y can be expressed as a function of Munsell value V as follows.
Thus, we have the relation as
Therefore, ∆Y th , threshold value of luminance difference for background-not-adjusted state is given as
And ∆Y th , threshold value of difference of luminance factor for background-adjusted state is
From Eq. (7), in case that human eye is adjusted to gray background of specific level, threshold that recognizes differences of luminance is one thirds of nominal WeberFechner fraction value shown in Fig. 2 . Equations (4) to (7) are applied in case that the back ground luminance is nearly equal with the luminance of target samples. Figure 7 is calculated background-adjusted Weber-Fechner fraction curve using Eq. (7) and nominal WeberFechner fraction illustrated in Fig. 2 . In Fig. 7 , the dotted line is nominal Weber-Fechner fraction, and the solid line is background-adjusted Weber-Fechner fraction that is reduced by one thirds of nominal Weber-Fechner fraction. From Fig. 7 , background-adjusted Weber-Fechner fraction is about 0.45% at 100 cd/m 2 , 0.57% at 10 cd/m 2 , 0.9% at 1 cd/m 2 , and 1.7% at 0.1 cd/m 2 . We compared these data with Breitmeyer's experimental results [2] of 4
• × 6
• sized space with average luminance of 17 cd/m 2 shown as Fig. 8 . In this figure, graph of (a) is the result of a 20 years old nonexpert female who has normal vision, and (b) is result of an expert Breitmeyer [2] himself. In Fig. 8(a) , the contrast sensitivity threshold is 0.8% for spatial frequency of 0.5 cpd. On the other hand, in Fig. 8(b) , the contrast sensitivity threshold is 0.6% for spatial frequency of 0.5 cpd.
Spatial frequencies of a test sample in general WeberFechner fraction experiment is about 0.5 1 cpd because typical test visual field size is 1
• × 2
• . In Fig. 7 , backgroundadjusted Weber-Fechner fraction is about 0.55% at the luminance of 17 cd/m 2 and this result is a good agreement with the result of the Breitmeyer's, 0.6% for spatial frequency of 0.5 cpd.
Conclusion
In this paper, we calculate background-adjusted WeberFechner fraction that can be perceived by human visual characteristic. In this analysis, traditional Weber-Fechner fraction and crispening effect of human visual characteristic are used. As a result, background-adjusted Weber-Fechner fraction has reduced by 1/3 of traditional Weber-Fechner fraction value. As compared with result of Breitmeyer's experment, we confirmed that calculated results are reasonable. Background-adjusted Weber-Fechner fraction can be used to determine the upper limit of gray level resolution of high performance display device such as medical display, HDTV, and so on.
